Abstract: Although the use of minimally invasive surgery techniques has steadily increased, the development of new tools for these procedures has stagnated. Indeed a new generation of surgical instruments, with tips that have multiple degrees of freedom, has been developed. However, they are facing so many technical problems that none have been able to establish themselves in the medical market. To overcome the problems these instruments are facing, a micro hydraulic power transmission system has been developed and been presented in [1]. With these driving units it was possible to design an instrument for minimally invasive surgery with a tip which is movable in 3 degrees of freedom (DOF) and that is light in weight, small in size and powerful in movements and gripping. This paper presents the mechanical setup (including dimensions and materials), describes the theoretical basis for the control with the inverse kinematic model, discusses the external drives setup and gives rst performance data of this novel hydraulically actuated laparoscopic instrument with 3 degrees of freedom.
Introduction
Surgical techniques have seen major developments over the last two decades, with the role of laparoscopy having an increasingly relevant place in modern medicine. The reasons for its success are the advantages for the patients, such as reduced haemorrhaging and smaller incisions, which in turn reduce pain and shorten recovery time [2, 3] . However, the tools and instruments for laparoscopic surgery have not kept up with this progress. The equipment setup in this domain has remained largely un-changed since the days in which this surgical method was introduced.
Besides some exceptions, the instrumentation consists of rigid rod-like graspers and scissors. Nonetheless, minimally invasive procedures have continued to evolve and new operation modes have been developed such as Single Port and NOTES surgery. These procedures aim to reduce complications related to port placement, but they make high demands on the instrumentation setup [4] . Even though innovative and novel instruments have been developed, such as articulating and exible shaft instruments, none of them have been successfully introduced in surgical procedures. Due to limited force transmission, impossibility of robust grasping [5] and complicated handling [6] , these mechanical multi degree-of-freedom (DOF) instruments have never really found their application [7] .
By integrating electromechanical drives into the instrument's handle to actuate the tip's DOFs, it was possible to overcome some of the disadvantages described above. Unfortunately, this created new problems due to the weight of the motors and hence this solution failed before it could become widespread. This is supported by the fact that one of these systems has already been withdrawn from the market.
Fraunhofer PAMB, instead, proposes in [1], a new approach: laparoscopic instruments powered by hydraulics. This technology has the advantage that the actuators have a higher force and power density than most of the others [9] and, because of their dimensions, they can be located directly on the tip. The instruments featuring this technology are both small and light as their drives (the pumps producing hydraulic pressure) can be located remotely. Moreover, sensors to measure actuator parameters do not contribute to the instrument's weight, as they can be located anywhere in the hydraulic circuit. In this paper, details about the instrument technology will be given together with information about the control concept -namely the drive set up and instrument's inverse kinematic equations.
Methods
To determine the speci cations of a handheld surgical instrument with multiple degrees of freedom at the tip, requirement analyses have been conducted [9] .
Together with the problems existing instruments are facing, this breakdown has shown that it is impossible to develop mechanically driven instruments that t the speci cations. The main reason being the combination of holding the instrument, moving and applying force on the instrument's tip for multi degrees of freedom.
To solve this, mechanical decoupling of the movements and forces applied by the doctor to the user interface and the movements and forces working on the instrument's tip is necessary. This decoupling necessitates builtin drives in the instrument [5] . Hence possible drive solutions have been explored. As result, actuation with micro hydraulic systems was the only solution to ful l the requirements listed above.
Subsequently the usability of hydraulic systems for medical applications was veri ed. Therefore potential hydraulic uids compatible with use in medical devices have been examined. Then the feasibility of sterilizing hydraulic systems lled with these uids was investigated [1].
Results

. Mechanical setup with external drives
It was possible to develop a surgical instrument with 3 hydraulically actuated DOF shown in Figure 3 . The instrument's tip consists of three segments connected via two cylindrical joints which are o set by 90 degrees about their longitudinal axis. The joints are connected in a serial chain and each joint is actuated by an internal mechanism consisting of two antagonistic linear hydraulic actuators.
In total, the movements of the tip are powered by 6 integrated micro hydraulic cylinders with a piston diameter of 2.45 mm. Being designed for a maximum working pressure of 200 bar, they can produce an actuator force of 94N each. Sealed with micro O-rings which are lubricated with medical white oil, their average internal friction can be kept below 2N, about 2% of the total actuator force. All the actuators and mechanical parts can be integrated in a cylindrical shape of 8 mm in diameter.
The instrument's cylinders are powered by hydraulic syringe pumps: each cylinder of the instrument is connected with its own pump over a closed circuit. For lling and bleeding out the air, the circuit can be opened with valves. This hardware con guration has the advantage to be free from the non-linearity associated with the use of valves in hydraulic circuits. Moreover, since every syringe pump is directly connected to one of the instrument's cylinders, equipping the syringe pump with sensors makes it possible to acquire information about the corresponding cylinder in the instrument. A position or a pressure sensor in every syringe pump makes a straightforward implementation of a closed loop control possible without increasing the instrument's weight, as the sensors are not integral to the instrument, but located within the pump.
. Control concept and inverse kinematic model
The control concept can be summarized as follows: The control software receives the desired con guration of the tip as an input; this information is converted by the inverse kinematics module into actuator extensions and sent as a command to each syringe. The syringe pump displacement translates directly to an actuator extension with a known transmission ratio. The rst step for the implementation of this control system is the de nition of the inverse kinematic equations. Given the mechanical design of the instrument, a relationship needs to be established between the actuator extensions, hence the joint rotations, and nally the tool tip position. The equations will be derived by applying inverse kinematic theory for both mechanisms: the serial chain and the internal mechanisms. The relationship between tool tip position and joint rotations can be established by applying to the serial chain the inverse serial kinematic method of Denavit-Hartenberg (DH). The relationship between the joint rotations and the actuator extensions can be determined by applying a geometrical method to the internal mechanism. The details of the derivations are described in the following paragraphs. In order to nd the relationship between tool tip position and joint rotations, reference frames of the mechanism's joints were a xed according to the DenavitHartemberg convention [10] , as shown in Fig. 2 and the DH parameters were de ned as shown in Table 1 where: -a is the distance between z i and z i+ measured along x i ; -α is the angle from z i to z i+ around x i ; -d is the distance between x i− and x i measured along z i ; -θ is the angle from x i− to x i around z i ; Using these parameters it is then possible to de ne the homogeneous transformation matrix T.
The last column of the matrix (1) represents the vector that links the tip reference frame and the origin. Its components are de ned as:
-a is the distance between reference frame and joint 1; -b is the distance between joint 1 and joint 2; -c is the distance between joint 2 and the tip frame; px; py and pz de ne the desired position in the reference coordinate system of one of the two pliers jaws; θ and θ are respectively the rotation angles of joints 1 and 2. The system equation 5 can be, with the help of Fig. 2 , easily adapted for the second pliers jaw.
Hence from equation (4) it is possible to deduce the relationship between end-e ector jaw position and joint rotations:
With the relationship between tool tip position and joint rotation de ned, a relationship can be established between the joint rotation and actuator extensions from the inverse kinematics of the internal mechanism. A schematic of this mechanism is shown in Fig. 3 . De ned as: hp the x coordinate of the joint; La, L b and, Lc the segment dimensions of the parallel kinematic; θ b and θ b the angle between the rst and the second segment of the two branches of the mechanism; θ c and θ c the angle between the third segment of the two mechanism branches and a horizontal line; x and x the distance between piston and cylinder base.
A geometrical method is used to establish the following kinematic relationships:
The identities resulting from the serial and internal mechanisms are linked by the following geometrical relationship:
Where C θ is a constant angle due to the parallel kinematic structure (C θ is the value of θ c when x = x ). (12) Denes that a rotation of the joint corresponds to an equal change of θ c from its equilibrium position. It can be concluded that once the end-e ector position (px; py and pz) is de ned, θ and θ can be calculated from (5) and (6). Knowing θ , the orientation of joint 1, it is possible to calculate θ c from (12) and then θ c from (11). At last θ c and θ c can be respectively substituted in (8) and (10), obtaining x and x , the piston extensions.
Conclusion
A hydraulically actuated surgical instrument with a multiple DOF tip was designed. As these systems can be built as lightweight, powerful and small assemblies, they have the potential to overcome the majority of problems that similar mechanically or electrically powered instruments face.
As even small hydraulic cylinders with diameters of 2.5mm can produce forces up to 100N, it is possible to place the actuation of the tips DOF directly in the tip.
The hydraulic power can be transmitted through thin tubes, allowing the power units used to produce the hydraulic pressure to be placed beside the operating table. It is therefore possible to build powerful surgical instruments not exceeding the weight of those being actuated by hand.
Furthermore, a new control concept for a new hydraulically actuated instrument has been developed together with the mathematical description of its inverse kinematic. The pressure supply con guration, with 6 syringe pumps driving 6 hydraulic cylinders, has the advantages of a direct transmission of the pump displacement to the hydraulic actuator extension as well as enabling a straightforward implementation of closed-loop control. -Sensor integration in the instrument cylinders to enhance safety of closed loop control via redundancy. -Development of alternative pressure supply methods which can match the current system's performance but improve the current solution in terms of size and cost.
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